Systematic Assessment of the Influence of Mo Concentration on the Oxygen Ingress in Ti–Mo System During High Temperature Oxidation by Samimi, P. et al.
Materials Science and Engineering Publications Materials Science and Engineering
2016
Systematic Assessment of the Influence of Mo
Concentration on the Oxygen Ingress in Ti–Mo
System During High Temperature Oxidation
P. Samimi
Iowa State University
D.A. Brice
Iowa State University, dabrice@iastate.edu
Iman Ghamarian
Iowa State University, imangh@iastate.edu
Yue Liu
University of North Texas
Peter C. Collins
Iowa State University, pcollins@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/mse_pubs
Part of the Materials Science and Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
mse_pubs/272. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Materials Science and Engineering at Iowa State University Digital Repository. It has been
accepted for inclusion in Materials Science and Engineering Publications by an authorized administrator of Iowa State University Digital Repository.
For more information, please contact digirep@iastate.edu.
Systematic Assessment of the Influence of Mo Concentration on the
Oxygen Ingress in Ti–Mo System During High Temperature Oxidation
Abstract
To understand the role of composition in the oxidation behavior of Ti–Mo system and to evaluate the extent
of oxygen ingress into the metal substrate during high temperature exposure, a compositionally graded
Ti–xMo specimen (0 ≤ x ≤ 12 wt% Mo) was prepared using an additive manufacturing technique,
solutionized and then subjected to oxidation tests at 650 °C for different exposure times. The depth of oxygen
diffusion, across the composition range, was assessed via change in the local hardness and the results were
coupled with quantitative measurement of the oxygen concentration. The concentration of O in the α phase
was reduced by 90 % after a short distance of 16 μm from the metal/oxide interface while it remained more or
less the same in β phase. The solubility of Mo in α phase also approached zero near the surface as O changed
the partition coefficient of this element between α and β phases. It was shown that the addition of Mo reduces
the solubility of O in the metal substrate which in turn retards the transition point from parabolic to the linear
oxidation stage.
Keywords
Oxidation, Titanium, Oxygen ingress, Nano indentation
Disciplines
Materials Science and Engineering
Comments
This is a manuscript of an article published as Samimi, P., D. A. Brice, I. Ghamarian, Y. Liu, and P. C. Collins.
"Systematic Assessment of the Influence of Mo Concentration on the Oxygen Ingress in Ti–Mo System
During High Temperature Oxidation." Oxidation of Metals 85, no. 3-4 (2016): 357-368. doi: 10.1007/
s11085-015-9600-1. Posted with permission.
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/mse_pubs/272
Final document prior to publication in	Oxidation of Metals  
Available at http://dx.doi.org/10.1007/s11085-015-9600-1 
	
1	
	
Systematic Assessment of the influence Mo Concentration on the Oxygen Ingress in Ti-Mo 
System During High Temperature Oxidation 
 
P. Samimia,c*, D.A. Bricea, I. Ghamariana, Y. Liub, and P.C. Collinsa,c 
 
aDepartment of Materials Science and Engineering, Iowa State University, Ames, IA, 5001, USA 
bDepartment of Materials Science and Engineering, University of North Texas, Denton, TX, 76203, 
USA (Currently Working at Headway Technologies, Milpitas, CA, 9503) 
cCenter for Advanced Non-Ferrous Structural Alloys (CANFSA), USA 
 
* Corresponding Author. Tel.: +1 817-403-4819 
E-mail address: psamimi@iastate.edu 
                                pe.samimi@gmail.com 
 
Abstract 
To understand the role of composition in the oxidation behavior of Ti-Mo system and evaluate 
the extent of oxygen ingress into the metal substrate during high temperature exposure, a 
compositionally graded Ti-xMo specimen (0 ≤ x ≤ 12 wt% Mo) was prepared using an additive 
manufacturing technique, solutionized and subjected to oxidation tests at 650°C for different 
exposure times. The depth of oxygen diffusion, across the composition range, was assessed via 
change in the local hardness and the results were coupled with quantitative measurement of the 
oxygen concentration. The concentration of O in the α phase is reduced by 90% after a short 
distance of 16 µm from the metal/oxide interface while it remains more or less the same in β 
phase. The solubility of Mo in α phase also approaches zero near the surface as O changes the 
partition coefficient of this element between α and β phases. It was shown that the addition of 
Mo reduces the solubility of O in the metal substrate which in turn retards the transition point 
from parabolic to the linear oxidation stage. 
 
 
 
Final document prior to publication in	Oxidation of Metals  
Available at http://dx.doi.org/10.1007/s11085-015-9600-1 
	
2	
	
Introduction 
The diffusion of oxygen into and enrichment of the metal substrate prior to the formation 
of an oxide is an important phenomenon in the total oxidation reaction that must be taken into 
account when oxidation of metals (as a multistep process) is investigated. This is of paramount 
importance where the oxidation rate calculation is based upon the weight-gains over time, 
considering the fact that a higher weight gain does not necessarily indicate the presence of the 
thicker scale [1-3]. 
The solubility of oxygen in the hcp allotrope of titanium (i.e., the α phase) is substantial. 
When Ti alloys are exposed to oxidizing atmospheres at elevated temperatures, a rapid ingress of 
oxygen takes place which can lead to major modifications in the metal substrate including: 
stabilization of α phase, change in the partitioning coefficient and ultimately rejection of β 
stabilizing elements, precipitation of a new phase (in some systems e.g. Ti-Cr), inverse 
precipitation of β in α , discontinuous precipitation, hardening and embrittlement of the metal 
substrate and a order-disorder phase transformation.  The nucleation of oxide crystals within the 
metal substrate ahead of the oxidation front can also take place as a result of concurrent 
extensive oxygen dissolution and selective oxidation. Drastic changes in the mechanical 
properties of the subsurface region are inevitable for some metals with high solubility of oxygen 
[4-10].  
The depth of oxygen ingress and the extent of oxygen solubility are among the key 
parameters that are often used to determine the oxidation resistance of the material. This is due to 
the fact both that the cubic and parabolic oxidation rate laws of Ti and the transition from 
protective to non-protective oxide scales are predominantly associated with diffusion of O into 
the metal substrate and establishment of oxygen concentration gradient (owing to the presence of 
a relatively thin oxide layer and larger diffusivity of O through the oxide scale compared to the 
metal [11]). In the literature, it has also been suggested that the O concentration of the metal at 
the metal/oxide interface reaches the maximum and remains constant when the gradient is 
established  [8, 12].  
The degree of solubility of oxygen is largely dependent upon the electronic nature of the 
titanium atom and changes as a function of the electron/atom ratio (e/a). If the e/a ratio exceeds 
5.75 (e.g., with addition of alloying elements), a decrease in oxygen solid solubility is observed 
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whereas for the ratios below this critical value, increased solubility for oxygen is expected [13]. 
An extensive dissolution of oxygen that ultimately triggers oxide formation has impact on the 
mechanical properties of the metal substrate. The interstitial O atoms induce a strongly 
asymmetrical strain distribution that approaches tetragonality for concentrations above 12 at% O 
[14]. This asymmetrical strain field interacts with the stress field of dislocations of both types, 
screw and edge. Accordingly the dissolved O atoms impede cross-slip of dislocations at low 
temperatures and lowers the temperatures at which the transition between wavy and planar glide 
of dislocations occurs. This transition is also attributed to the short range ordering tendency in 
dilute Ti-O solid solutions [6]. It should be mentioned that for larger concentrations, the random 
distribution of O atoms in octahedral sites is replaced by a new arrangement which occupies 
every second layer of octahedral interstices in a direction normal to the c-axis and long range 
ordering takes place [8]. 
Oxygen enrichment and subsequent embrittlement of the subsurface region degrade the 
fatigue properties of Ti-alloys as they becomes susceptible to surface crack initiation [15]. 
Therefore, it is crucial to measure the depth of oxygen enrichment during high temperature 
oxidation due to the profound effect on the performance of Ti alloys in service. Although direct 
quantification of oxygen ingress is attainable (e.g., using wavelength dispersive spectroscopy, 
atom probe tomography, etc), it is often more convenient to assess the degree of oxygen ingress 
in a qualitative manner such as via change in the local hardness, a method sometimes adopted in 
industrial settings. Such simple indirect measurements are attractive, as they both incorporate 
mechanical properties information and can be coupled with quantitative assessments to 
approximate the profile of oxygen concentration gradient [8]. It should be noted that quantitative 
interpretation of hardness data and one-to-one relation between hardness value and O 
concentration must be carried out with care when considering the effect of orientation and 
proportion of the phases in multiphase microstructures [16]. 
Considering the impact of oxygen ingress, the reduction of oxygen dissolution in Ti is a 
primary goal when considering the design of the alloy for improved oxidation resistance [8]. For 
example, molybdenum, which is a strong β stabilizer, is among the important alloying elements 
commonly used in high temperature structural Ti-based alloys such as β-21S (a β alloy) and 
Ti6242 (an α+β alloy).  Interestingly, although Mo does not contribute in the formation of a 
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compact and protective multiphase oxide scale in Ti (as in the case of Al), it does play an 
important role in terms of altering the oxygen solubility [17, 18].  
It is well-established that the oxidation performance is dependent upon variables of the 
oxidation experiment, some of which (e.g., temperature, time) are easier to hold fixed than others 
(e.g., still laboratory air). Thus it would be ideal to systematically assess the oxidation 
performance independent of experimental variabilities that might otherwise be difficult to hold 
fixed. In addition, it would be ideal to assess as many compositions as possible for a given 
exposure time and temperature, thereby minimizing the time to conduct such experiments. 
Therefore, the LENS™ technology has been adopted to study the influence of oxidation on a 
single specimen, a composition gradient (Ti-xMo; 0 ≤ x ≤ 12 wt%). Such an approach has been 
used previously for fundamental studies of composition-microstructure-property relationships 
[19-22]. The deposited specimen was then subject to a series of oxidation tests at 650 °C for 
different holding times. A detail study of this binary Ti-Mo system has been reported by the 
authors in which the combinatorial assessment of oxidation performance resulted in detailed 
understanding of the morphology, structure and composition of the oxide scale as well as the 
microstructural evolution in the base material just below the metal/oxide interface [4]. This paper 
is an extension of this previous work, with emphasize on the role of Mo concentration on the 
depth of oxygen ingress through studies of the hardness of the material. 
 
Experimental Procedures 
High purity elemental metal powders Ti (99.9% pure, -150 mesh from Alfa Aesar) and 
Mo (99.8% pure, -100+325 mesh from Micron Metals) were blended as powder feedstock to 
produce a compositionally graded Ti-xMo specimen (0 ≤ x ≤ 12 wt% Mo)1 using an Optomec 
LENS™ 750 at the University of North Texas. A detail description of additive deposition of the 
graded Ti-xMo specimen is reported elsewhere [4]. The specimen was sectioned longitudinally 
(to preserve the composition gradient) to several pieces and subject to solution heat treatment at 
975 °C for 3.5 hr followed by water quenching. The samples were wrapped in pure Ti foil and a 
enveloped by a constant flow of Ar gas was running through the furnace during the solutionizing 
heat treatment in order to minimize the oxidation. Prior to the oxidation tests, the samples were 
																																								 																				
1 Unless otherwise specified, all compositions are in wt%. 
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sectioned and abrasively ground with 120- through 800-grit SiC abrasive papers followed by 
polishing with 0.04 µm colloidal silica suspension. The samples were cleaned successively using 
acetone, a water/surfactant mixture, and methanol to ensure the exposed surface during oxidation 
is oxide-free, finely polished and degreased. The oxidation tests were carried out in laboratory 
air-atmosphere in a box furnace (with the polished surface oriented upward) at 650°C for 25, 50 
and 100 hrs. Polishing and cleaning of the samples after oxidation was carried out following the 
aforementioned steps.  
The samples were characterized using a suite of techniques. An FEI™ Nova NanoSEM 
230 scanning electron microscopy (SEM) equipped with an energy dispersive spectroscopy 
(EDS) was used to measure the local composition that is reported to the nearest whole wt%. An 
Imago Local Electrode Atom Probe (LEAP 3000X HR) was used to assess quantitatively the 
concentration of O at selected distances from the surface. Atom probe tips were prepared using 
an FEI DualBeam™ (FIB/SEM) Nova 200 NanoLab and were evaporated in laser mode at 40K 
with the evaporation rate of 0.5%, a pulse energy of 0.4 nJ and a pulse frequency of 160 kHz 
[23]. The IVAS™ 3.6 software package was used to post-process the atom probe results. In order 
to measure the depth of oxygen ingress from the surface into the bulk material, both 
microindentation and nanoindentation were employed. A Shimadzu HMV-S microhardness 
indenter operating at 275.2 mN with the indentation time of 10 sec was used for 
microindentation. Nanoindentation was carried out using a Nanoindenter XP™ system from 
MTS instrument equipped with a Berkovich tip and the test settings of: 200 nm depth limit, 
maximum load of 5 mN, strain rate target of 0.05 1/s and surface approach velocity of 10 nm/s.  
 
Results and Discussion  
A secondary electron micrograph showing the Vickers microhardness traverse for a Ti-
3Mo composition after 25 hr oxidation at 650 °C, is presented in Fig. 1(a).  The corresponding 
hardness depth profile from the cross section of the oxidized surface is presented Fig 1(b). It is 
apparent that moving from the bulk (~160 µm away from the surface) toward the oxidized 
surface the hardness values show slight variations but there is a significant increase in hardness 
(~280 HV) corresponding to the value recorded from the first 20 µm of the surface. This 
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observation indicates that the oxygen enrichment of the metal substrate (i.e. thickness of the α-
case layer) is confined within 20-30 µm of the exposed surface.  
Although microhardness measurement roughly approximates the depth of oxygen ingress, 
it does not provide a sufficiently well-populated dataset to plot the hardness variation within the 
oxygen enriched near-surface region unless higher oxidation temperatures and extended 
exposure times are employed. This is due to the relatively large size of the microhardness indents 
(the average Vickers diagonal length is ~13 µm) and overlap of the imposed stress/strain fields 
with the edge, which makes it impracticable to capture hardness variations in small increments 
close to the surface via this technique. According to ASTM E 92 the minimum spacing between 
the center of the indent to the edge of adjacent indent or specimen edge should be at least 2.5 
times the Vickers diagonal [24]. It is clear that this approach cannot be used to determine 
accurately the change in hardness levels, which occurs within the first 20-30 µm from the 
surface/edge using indents with an average diagonal of >10 µm.  
To overcome the limitations associated with microhardness measurement which have 
been frequently faced in similar type studies [25, 26], nanoindentation was employed which 
revealed the hardness variation trend within the first 20-30 µm just below the metal/oxide 
interface. In order to do so, nanoindentation traverses were placed in several columns with a 
biased orientation (∼45˚ relative to the surface) to ensure that the hardness variation is captured 
in small increments and the data sample is sufficiently large, as shown in Fig. 2(a)-(c) for Ti-
3Mo, Ti-6Mo and Ti-9Mo compositions oxidized for 25 hr at 650 °C. Figures 2(d)-(f) present the 
corresponding variations of hardness, plotted as a function of the distance from the interface for 
the three selected components. For all three compositions, there is a gradual decrease in the 
hardness values moving from surface towards the bulk and the plots generally plateau at a 
distance of ∼30 µm from the surface. Since all the plots level off at a certain hardness values, 
normalization is not required to eliminate the grain orientation effect. 
According to the work of other researchers focused on the surface diffusion of oxygen 
during high temperature oxidation of Ti and Ti-based alloys, there is sufficient evidence to 
establish the existence of a linear relationship between oxygen content and hardness of the metal 
for a specific oxidation temperature [5, 11, 27-32]. Therefore, a quantitative description of the 
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oxygen ingress as a function of distance from the exposed surface can be made directly from the 
hardness results. 
In order to measure the local O concentration, 3D atom probe tomography was employed 
whereby two sets of atom probe tips were prepared from the regions just below (i.e., ~1.0 µm) 
and 16 µm away from the metal/oxide interface of a Ti-3Mo composition after 25 hr oxidation at 
650 °C (see Fig. 3(a)). Figure 3(b) shows the 3D reconstruction of a 9.5 at% Mo isoconcentration 
surface that belongs to an atom probe tip extracted from the region just beneath the scale layer. 
Consistent with atom probe datasets, this atom probe tip reconstruction is shown as bonded by a 
nominal volume of 80 nm × 80 nm × 300 nm. The Ti, Mo and O atoms are represented by 
yellow, red and blue dots respectively. The proximity histogram presented in Fig. 3(c) shows the 
compositional variation across the interface of the α phase and the partial β rib captured in the 
tip. Not surprisingly there is a sharp increase in the content of O moving from β phase into α 
phase while Mo content follows an opposite trend since O and Mo are strong α and β stabilizing 
elements respectively. From the oxygen concentration profile it is evident that the O content of α 
phase is about 19 at% while it does not exceed 2 at% in β phase. The Mo concentration 
approaches 0 at% and 16 at% in α and β phases respectively due to the fact that O decreases the 
Mo solubility of α phase drastically and changes the partition coefficient of this element between 
the two phases [4]. The average composition of the α phase in the regions just below the 
metal/oxide interface and 16 µm away from that were measured from a total 15 atom probe tips 
and are presented in Table 1. The oxygen concentration of α phase near the surface varies with a 
very steep slope from ~19 at% to ~2 at% (almost 90% decrease) after the short distance of 16 
µm. Interestingly, the oxygen concentration of β phase as shown in Table 1 remains more or less 
the same (i.e. 2-2.5 at%) independent of proximity to the surface [4].  
According to the reported values in Table 1, the O concentration just below the surface is 
~19 at% which is well below the maximum O solubility of α titanium regardless of oxidation 
temperature [11, 33]. It should be noted that in the case of CP Ti there is no general agreement 
on the maximum solubility of O in Ti.  Rather, the maximum solubility varies as a function of 
oxidation time and temperature. For example it was reported by Jenkins [30] that the solubility 
limit of α Ti at 650 °C, 800 °C and 900 °C are 12, 19 and 25 at% respectively while the work by 
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Hurlen [34] showed the value of 14-15 at% O for the temperature range of 650-700 °C. Kofstad 
et al. [35] noted that the maximum solubility can reach up to 35 at% O during oxidation at 900 
°C (where the linear stage and heavy oxide formation is triggered) while Wiedemann et al. [36] 
obtained a composition range of 20-34 at% of O for the temperature range between 600-760 °C. 
The oxygen saturation of titanium measured by Unnam et al. showed the maximum value of 20 
at% for the temperature range of 593-667 °C and 34 at% for 760 °C [11]. The aforementioned 
values for the solubility of O in Ti, during oxidation at different temperatures, are summarized in 
a partial pseudo-binary Ti-O phase diagram (see Fig. 4). This clearly shows the sensitivity of the 
obtain results to the experimental condition and the advantage of employing such combinatorial 
approaches for comparative assessment of the effect of Mo content on the solubility of O in the 
metal substrate. 
When comparing the maximum O solubility of α phase in Ti-3Mo composition, oxidized 
at 650 °C (see Table 1) and the abovementioned values from the literature it becomes apparent 
that addition of 3 wt% Mo to Ti has not had a considerable effect on the solubility limit of O in 
the α phase. However addition of more Mo, up to 6 wt%, start to reveal a relative reduction in 
the maximum level of oxygen uptake by the substrate, where the hardness values do not exceed 
11 GPa which is much lower than that of Ti-3Mo (17 GPa, equivalent to 19.2 at% O).  
In order to discuss the influence of alloying elements on the oxygen ingress in Ti one 
must take into account: stabilizing effect (α or β stabilizer), diffusion rate in Ti, degree of 
incorporation into the oxide scale and the variation of partition coefficient of the element 
between the existing phases in the presence of O. Molybdenum is a β stabilizing element yet the 
observed reduction in the oxygen uptake cannot be simply associated only with this 
characteristic or the corresponding higher volume fraction of the β phase. For instance, an α 
stabilizing element, Al, effectively suppress diffusion of O into Ti while Cr, which is a strong β 
stabilizer, has a negligible effect on suppressing the diffusion of O into Ti [16, 37].  
Direct comparison of Figs. 2(d)-(f) indicates the influence exerted by Mo content on the 
thickness of α-case layer in this system at 650 °C. For the Ti-3Mo component, hardness values 
close to the metal/oxide interface approach 17 GPa (equivalent to ~19 at% O), while for both Ti-
6Mo and Ti-9Mo the hardness does not exceed 11GPa (equivalent to ~10 at% O, assuming there 
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is a linear relation between hardness and O content). The ingress of oxygen is accompanied by 
strong rejection of Mo (a slow diffuser) from α phase [4], thus the kinetics of the oxygen 
enrichment in α phase is lowered by addition of Mo. The rejection of Mo atoms is such that 
homogenous precipitation of nano-scale β phase particles within the α laths (for Mo contents 
below 7.5wt%) or discontinuous precipitation of α+β phases (for Mo contents above 7.5wt%) 
can take place in binary Ti-Mo system [4]. It appears that under the oxidation conditions of this 
study, it is not possible to differentiate between the oxygen uptake in Ti-6Mo and Ti-9Mo via 
nanoindentation technique and higher temperatures or longer exposure times are required to 
reveal the difference. Despite the different level of oxygen dissolution and slope of the oxygen 
gradient in the regions just below the surface, it is interesting that all three compositions show a 
similar depth of ingress. In addition the hardness values at which all the plots plateau which 
correspond to the bulk average hardness is the same. This confirms that the oxygen enrichment is 
responsible for hardness variations and grain orientation factor does not contribute in the 
measurements. 
It was previously shown by the authors that a parabolic oxidation rate law is operable 
under these time/temperature oxidation condition [4] which is predominantly associated with the 
diffusion of oxygen into the metal substrate (considered as the rate determining factor) and the 
establishment of an oxygen concentration gradient, owing to the presence of a relatively thin 
oxide layer and larger diffusivity of O in the rutile compared to Ti (~50 times larger [11]). After 
the metal substrate is saturated and the oxygen concentration at the interface reaches a critical 
level, there will be a transition from parabolic to linear oxidation rate law accompanied by heavy 
oxide formation. The linear oxidation stage is governed primarily by nucleation and growth of 
the oxide and diffusion of the ionic species across the scale become the predominant rate 
determining factor [8, 38]. The oxidation rate increases linearly with the passage of time in the 
linear stage thus it is desired to avoid that in high temperature applications. 
Any parameters that can suppress the diffusion of oxygen into the metal substrate and 
retard the initiation of linear oxidation stage would decrease the scaling rate e.g. lower oxidation 
temperature or lower bulk oxygen concentration [11, 35, 39]. From the hardness depth profile 
plots obtained for Ti-Mo system it can be concluded that addition of Mo can also effectively 
postpone the parabolic to linear oxidation rate transition. The effect of Mo on the oxidation 
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performance of Ti is not limited to suppression of oxygen diffusion into the substrate. The Mo 
ions with higher valence than that of Ti ions also decrease the disorder of rutile (oxygen 
vacancies) and reduce the flux of oxygen through the scale. This is important considering that 
TiO2 is an n-type oxide and oxidation reaction in Ti occurs via inward migration of O ions 
through the oxide scale.   
Figure 5 shows the hardness depth profile for a Ti-9Mo composition after 100 hr 
oxidation at 650 °C. It should be noted that the apparent difference in the nanoindentation values 
between Figure 5 and 2(f) are due to variations in the orientation of the laths, and the scatter due 
to subtle microstructural differences (e.g., distance to the nearest interface). These variations 
have been reported elsewhere in the literature [40, 41]. Interestingly the oxygen enrichment 
depth remains more or less the same compared to what were observed for the three compositions 
after 25 hr oxidation while the maximum hardness of the substrate at the interface is increased to 
14GPa (compared to 11 GPa after 25 hr oxidation). These observations suggest that, for Ti-Mo 
system during the parabolic oxidation stage the maximum thickness of the α-case layer is 
achieved after 25 hr while the attainment of the critical oxygen concentration limit, just beneath 
the metal/oxide interface is being proceeded over time in the studied composition-exposure time 
domain. 
 
Conclusions 
A combinatorial approach was adopted to study the effect of composition on the depth of 
oxygen ingress on a compositionally graded specimen, Ti-xMo (0 ≤ x ≤ 12 wt%) that was 
exposed to still-air at 650 °C. Assessment of the extent of oxygen diffusion was carried out using 
local hardness values and the following salient observations and conclusions are drown: 
1) Nano indentation is a suitable technique for qualitative assessment of the depth of 
oxygen ingress which allows for the accurate measurement of hardness variations in 
the regions with close proximity to the surface. It can also be coupled with 
quantitative assessments to approximate the profile of oxygen concentration gradient. 
2) The concentration of O in α phase, just beneath the metal/oxide interface, is about 19 
at% for a Ti-3Mo system after 25 hr oxidation, which reduces to ~2 at% (almost 90% 
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decrease) after the short distance of 16 µm. While the oxygen concentration of β 
phase remains more or less the same (~2 at%). 
3) The Mo concentration approaches 0 at% and 16 at% in α and β phases respectively 
due to the changes the partition coefficient of this element between the two phases 
with the presence of oxygen. 
4) The addition of Mo to Ti reduces the level of oxygen uptake by the substrate during 
the high-temperature exposure and extends the parabolic oxidation regime. As a 
corollary, it is highly probable (though hypothesized in this paper) that the expected 
subsequent transition to the linear oxidation regime and subsequent formation of a 
non-protective oxide scale would be retarded. 
5) According to the hardness depth profiles, the maximum thickness of the α-case layer 
in Ti-Mo system at 650 °C can be achieved after 25 hr oxidation in the studied 
composition range. However the attainment of the critical oxygen concentration limit, 
just beneath surface, for transition to the linear oxidation stage requires longer 
exposure times (i.e. more than 100 hr). 
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Fig. 1. a)  Secondary electron micrograph from the subsurface region of a Ti-3Mo component oxidized at 
650°C after 25hr and b) the corresponding hardness-depth profile. 
  
Final document prior to publication in	Oxidation of Metals  
Available at http://dx.doi.org/10.1007/s11085-015-9600-1 
	
15	
	
 
Fig. 2. a-c) Nanoindentation traverses for Ti-3Mo, Ti-6Mo and Ti-9Mo components oxidized for 25hr. d-
f) The corresponding hardness variation versus distance from the metal/oxide interface. 
  
Final document prior to publication in	Oxidation of Metals  
Available at http://dx.doi.org/10.1007/s11085-015-9600-1 
	
16	
	
 
Fig. 3. a) SEM micrograph showing the locations at which the atom probe tips were extracted from a Ti-
3Mo composition after 25 hr oxidation at 650 °C. b,c) 3D reconstruction of a 9.5 at% Mo 
isoconcentration surface that belongs to an atom probe tip from the region just beneath the scale and 
corresponding proximity histogram.   
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Fig. 4. A partial pseudo-binary phase diagram of Ti-O including the data points from the literature and the 
present research work [11, 31, 35-37]. 
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Fig. 5. The hardness depth profile from the cross section of a Ti-9Mo composition oxidized for 100 hr at 
650 °C. 
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Table. 1. The average composition of the alpha phase in the regions just below and 16 µm away from the 
metal/oxide interface for a Ti-3Mo composition after 25 hr oxidation at 650 ° C.  
	
 
